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Abstract 
Two-carbon ring expansions of vinyl P-lactones, were carried out by Lewis 
acids (BF3·Et20 or Et2A1Cl) via an ionization/cation rearrangement. p,y-
unsaturated 8-lactones were produced as efficient protocols for the synthesis of 
bioactive substances. 
Vinyl P-lactones were prepared via ring closure of corresponding 
unsaturated p:.hydroxy acids. Differently structured substrates were examined to 
study the influence of the substituents on the rearrangement. Other factors, such 
as temperature, solvent and catalyst were also studied in search of suitable 
reaction conditions. 
This method is moderately successful in providing fused-ring 8-lactones, 
but higher yields (so far total yield of 24.8%) and a better method for the 
separation of P- and 8-lactones are required for useful synthetic applications. 
The successful implementation of this conceptually novel strategy will 
provide a versatile and expedient route for the synthesis of 8-lactones bearing a 
wide range of. substitution patterns. 
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Introduction 
Lactones (intramolecular esters) and their derivatives are a crucial 
structural feature of a great number of natural products, such as sesquiterpenes, 
especially a-methylene lactones and macrolides, and they possess important 
biological activities, e.g. as seminochemicals, flavors and fragrances, and 
antibiotics. 
Among them, B-lactones (six membered lactones) play an important role. 
They act as aroma components in the flavor industry, 1 insect sex pheromones, 
etc. 2 (Scheme I), such as the oviposition attractant pheromone 1 from apical 
droplets on the egg of the mosquito, culex pipiens fatigans, the queen-produced 
pheromone 2 of the oriental hornet, vespa orientalis, and invictolide (3), the 
queen recognition pheromone of the red imported fire ant, solenopsis invicta. 
0 ~ 
- 0 0 
1 2 3 
Scheme I 
Furthermore, in recent years, many naturally occurring unsaturated 
lactones have been shown to possess cytotoxicity and/or antitumor activity. 3 By 
far, the majority of these compounds are of the a.-methylene-y-lactone type, but 
certain five- and six-membered unsaturated lactones have also shown this kind of 
biological activity. 4 
Among these unsaturated lactone species, ~.y-unsaturated C>-lactones have 
been noted as important functional groups in naturally occurring compounds. 5 For 
example, the C>-lactone FD-211 4 (Scheme II), was isolated from the fermentation 
broth of Myceliophthora Lutea TF-0409 during a screening program for natural 
product drug efficacy against multidrug-resistant mammalian cells. It has broad 
spectrum activity against cultured tumor cell lines, including the adriamycin-
resistant HL-cell.6 Transformations are facile from ~.y-unsaturated lactones to 
~- or y- hydroxy-C>-lactones such as compactin (5), and mevinolin (6), which 
possess a lactone system resembling that of the 3-hydroxy-3-methyl coenzyme A 
reductase (the major rate limiting enzyme in cholesterol biosynthesis) and act as 
potent hypocholesterolemic agents. 7 They can also be converted to y-oxo-a.,~-
unsaturated carbonyl compounds, a functional group system found in many 
natural products, especially macrolides. 8 Consequently, a great deal of effort has 
been expended in the syntheses of naturally occurring unsaturated lactones and 
their analogues. 
MeCH=CH o»o 
MeCH=CH 
4 
R=HorCH3 
s 
Scheme II 
2 
XOH 
,,,,.lo~ 
R 0 
R = CH2-CH2{)-x 
or CH2-S-S-Ph 
6 
In the earlier work directed toward the synthesis of 8-lactones, several 
general synthetic routes were used. Ramon and his co-workers9 have adopted 
lithium bishomoenolate 8 through lithiation of the corresponding chlorinated 
precursor 7 with lithium naphthalenide at -78 °C. 
II 
Cl~O 
7 
IVC ~o
9 
2NHCI-THF 
8 
qyou 
10 
Scheme III 
Jones Oxid. CJcro 
11 
Thus, reaction with cyclohexanone yields the regioselectively protected 
bifunctional product 9, which is easily hydrolyzed in acid medium to the 
corresponding hemiacetal 10 (Scheme III). Finally, Jones oxidation condition 
(H2S04, Cr03) affords the expected 8-lactone 11. 
In the course of a synthetic study directed towards mycinamicin-type 
macrolides, 10 Suzuki et al. 11 exploited a novel and effective synthesis to obtain 
the Prelog-Djerassi related lactone 14. This method depends on the acid-
catalyzed hetero-cyclization of the ketene dilithioacetal having an internal OH 
3 
group 12 to give the bicyclic dithio-orthoester 13, whose ready hydrolysis gives 
rise to the target 14 with stereoregulation at C-2 (Scheme IV). 
(l 0 
OH S) HCI )) ,,,Me Hg (II) ;)"''Me R)yyls CH2Clz, d'c ,.. ·" ,.. .. 
R ~ R : Me Me 
:Me Me 
12 13 14 
Prelog-Djerassi Lactone 
Me 
15 
Scheme IV 
Alonso et al. 12 synthesized the B.y-unsaturated lactones 21 and 22 in a 
quite different way shown in Scheme V. The treatment of 2-(tosylmethyl)-2-
propen-1-ol (16) with n-butyllithium (2 equiv.) at -78°C in THF in the presence 
of N,N'-dimethylpropyleneurea (DMPU, 2 equiv.) provided the corresponding 
dianion 17. This nucleophilic dilithiated 2-(tosylmethyl)-2-propen-1-ol 17 was 
allowed to displace bromide from the a-position of tert-butyI bromoacetate. The 
derived hydroxy ester 18 was transformed into a 8-Iactone 19 (89%) by treatment 
with 30% trifluroacetic acid (TFA) under reflux for 2h. The 8-Iactone 19 reacted 
with heteronucleophiles such as morpholine or thiophenol, in the presence of 
triethylamine, to furnish the B.y-unsaturated lactones 21 or 22, respectively. 
4 
These lactones were formed by the 1,6-Michael addition of the nucleophile to the 
in situ formed pyrone 20 under kinetically controlled reaction conditions. 13 
Ts~ 
OH 
16 
T~OH 
t-Bu02 
18 
0 
20 
n-BuLi, DMPU 
0 ... 
-78 c 
TFA Ts 
... 
(OJ 
N 
H 
PhSH 
Scheme V 
17 
0 
19 
1) t-Bu02CCH2Br 
2) NH4Cl 
Me3N 
... 
21 
22 
Previous studies in this laboratory have concentrated on the investigation 
of butenolides, especially from ~-lactone rearrangement reactions, and have 
developed several reactions for the synthesis of a variety of functionalized 
butyrolactones. 14 A representative sequence is outlined in Scheme VI. 
5 
0 2 equiv. LOA 
~ 
23 24 
R2 OH ·\~O 2 equiv. PhS02CI Ib-/''''' 
R H ~ OH pyridine 4 ~ 
H' Ri 
25 26 27 
Scheme VI 
Treatment of a substituted acetic acid derivative 23 with two equivalents 
of lithium diisopropylamide (LDA) gave the corresponding dianion 24, which 
was then condensed with a carbonyl compound, usually an aldehyde, to afford a 
~-hydroxy acid 25. This ~-hydroxy acid was then converted into a ~-lactone 26 
via treatment with two equivalents of benzenesulfonyl chloride in dried pyridine 
at 0 °C. Finally this ~-lactone was converted by a quasi-dyotropic rearrangement 
into a butyrolactone 27 by employing a Lewis acid such as magnesium bromide or 
titanium tetrachloride. 
6 
0 
Rz 
,,,,, 
R3 
28 
0 
~ 
R4 
30 
... 
fast 
1 l 29a fast 
~~R, 
R3 + H 
R1 
H 
29b 
Scheme VII 
The predominant driving force for the rearrangement of the ~-lactones is 
the considerable amount of Baeyer (angle) strain inherent in four member~d 
rings. The mechanism (Scheme VII) occurs in several steps: 1) the ionization of 
the ~-lactone, which, after much previous investigation in this laboratory 14 has 
been shown to be the rate-determining step; 2) rapid carbocation rearrangement to 
a more stable cation 29b; and 3) closure of the y-lactone ring via carboxylate 
attack on the newly formed carbocation. This process is similar to a dyotropic 
rearrangement which is strictly defined as a simultaneous positional interchange 
of two adjacent atoms and is a reversible process, requiring an anticoplanar 
alignment of the migrating bonds as depicted in Scheme VIII. 
Scheme VIII 
7 
Even though it might appear to be a dyotropic rearrangement, it is more 
satisfactorily explained by the invocation of cationic intermediates. The 
migration of a hydride or an alkyl group toward a putative carbocation formed via 
the ionization of a P-lactone usually tends to form cations of the same or of 
greater stability. However, the events subsequent to cation formation must be 
extremely rapid with respect to a bond rotation, since very high stereospecificity 
is observed. 
This method for the direct stereocontrolled construction of butyrolactones 
has wide practical application. A variety of a-substituted monocyclic, spiro, and 
0 ~Ph MgBr 2 
31 
0 
~OPh MgBr 2 
0 
MgBr 2 
35 
MgBr 2 
Scheme IX 
8 
0 
;!><~Ph 
32 
0 R·H ,. OPh ,,. .., 
H 
34 0 
36 I 
lj 
cr~:0 H : OPh 
H 
38 
OPh 
trans-fused butyrolactones were synthesized by this procedure (Scheme IX). The 
sequence is very useful since three contiguous asymmetric centers can be 
stereospecifically fixed in one step as in the case from 37~38. In the case of 
cyclopentyl ~-lactones, trans-fused butyrolactones are formed in place of spiro 
species due to the exothermic expansion from a five- to six- membered ring (ca. 6 
Kcal/mol). 15 
R3 = alkyl, R4 or R5 =H 
42 41 
Scheme X 
If the ~-lactone ring oxygen is affixed to a tertiary carbon, an alternate 
reaction pathway is followed (Scheme X). The rearrangement from a tertiary 
cation to a secondary or primary cation is energetically unfavorable, and loss of 
an adjacent electrofuge (in this case a proton in the y-position) to generate an 
alkene is observed instead of the formation of y-lactones. The y-hydrogen 
aligned appropriately with the empty "p" orbital of the ~-cation is lost in 
preference to the orthogonally-situated a-hydrogen, even though loss of the latter 
9 
would provide the thermodynamically favored, conjugated alkene. Thus, this 
sequence provides a new, efficient, and stereocontrolled synthetic method for the 
preparation of p, y-unsaturated acids. 16 
Although synthesis of y-lactones or butenolides by this method was very 
successful, the synthesis of cS-lactones was not studied. Formulation of the idea 
that a P-lactone moiety appended to a vinyl group would undergo two-carbon ring 
expansion to form a p,y-unsaturated cS-lactone was a natural extension. 
43 44a 44b 45 
Scheme XI 
It was hypothesized that when the P-lactone 43 was treated with a Lewis 
acid such as MgBr2, TiC14 , or BF3·Et20, the ionization would afford an allylic 
cation and lead to a "two-carbon" expansion, forming a p,y-unsaturated six-
membered lactone 45 (Scheme XI). 
The precursors of P-lactones which are appended to a vinyl group result 
from the condensation of a.,p-unsaturated aldehydes with the corresponding 
substituted acetic acid dianions (Scheme XII). 
10 
0 
R2CHLICOOLI OH R~H ~COOH R 
2 
46 47 
1 PhSO,Cl,pY'· 
0 0 
cf~ MgBr2 J ''"""~ Rt Rt 
49 48 
Scheme XII 
Halolactonization of ~;y-unsaturated carboxylic acids 50 17•18 (Scheme 
XIII) and closure of ~-hydroxy acids and derivatives are methods widely used to 
prepare the ~-lactone moiety. When carboxylic acids are involved (53, Rs=H), 
the reagent of choice is usually an aromatic sulfonyl chloride in pyridine at 0 °C. 
Mitsunobo conditions 19 (triphenylphosphine-azodicarboxylate) are also very 
effective in this regard. An elegant refinement by Danheiser20 , illustrated in 
Scheme XIV, utilized the addition of thioester enolates to carbonyls, whereupon 
the resulting aldolates 55 spontaneously cyclized. to the ~-lactones 56 in good 
yield. 
B~ 
0 
50 51 
Scheme XIII 
11 
52 53 
54 55 
-PhSLi 
Scheme XIV 
There are some other approaches to a,B-unsaturated oxetan-2-ones. One 
of them involves the [2+2] cycloaddition of trimethylsilylketene to a,B-
unsaturated aldehydes, catalyzed by boron trifluoride which occurs rapidly at or 
below room temperature, either neat or in ether or dichloromethane solvent. 21 
The a-trimethylsilyl group, as a consequence of its B cation-stabilizing 
ability, renders B-lactones very susceptible to ionization and subsequent reaction 
in the presence of the Lewis acid employed to effect the cycloaddition. In such 
cases, the dienoic acid is isolated as its trimethylsilyl ester 59 (Scheme XV). 
12 
57 
MCPBA 
60 
q;1 < > (CO)~ 
62a 
R 
Scheme XV 
58 
0 
/, 
59 
TMS 
OTMS 
Fe(CO)s r""Vf\ 
~\_/A) 
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~ 
61 
a?) (lo):Y 
0 
62b 
(C0)3 tf 
0 
62 
G:=h (C0)3Fe 0 
I( 
0 
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Scheme XVI 
64 
CAN ~o ~ ~¥ 
0 
63 
Annis et al. 22 have developed an intriguing synthesis of unsaturated ~-
lactones based on the oxidation of tricarbonyliron-lactone complexes. Scheme 
XVI outlines the method for a specific sample, in which a diene 60 is treated with 
13 
m-chloroperoxybenzoic acid and the resulting vinyl epoxide 61 treated with iron 
pentacarbonyl to form the ll 3-allyl complex 62 (for which both forms 62a and 62b 
are illustrated). Oxidation with eerie ammonium nitrate provides the radical 
cation 63, whereupon a concerted fragmentation affords the ~-lactone 64. 
Other than the applications of 8-lactones mentioned above, an asymmetric 
dihydroxylation reaction (a straightforward procedure for which chemical kits are 
now available from Aldrich Chemical Company) can also occur on the 8-lactone 
double bond, whereupon hydrolysis will result in a series of monosaccharide 
acids. The only issue yet to be addressed is control of the stereochemistry of R 1 
(Scheme XVII). 
C02H 
Rz 
A.D. H20 HO 
• 
HO 
HO 
R1 
65 66 67 
Scheme XVII 
This investigation started with cinnamaldehyde, and was extended to some 
other quite differently structured substrates. Described herein are the full details 
of the study, including experimental details for the synthesis of a variety of a,~-
unsaturated oxetan-2-ones, the Lewis acid-catalyzed ~-lactone ionizations and 
rearrangements. and a discussion of rearrangement conditions and processes. 
14 
Results and Discussion 
A. Synthesis of Vinyl 2-0xetanones 
P-lactones (2-oxetanones) have gained considerable popularity during the 
past decade as objects of synthetic investigations. The high strain energy 
inherent in P-lactones results in a reactivity profile far greater than that for other 
lactones evidenced by their great tendency to undergo ring expansion to form 
either y-lactones or 3-lactones. 
The first major goal in this study was to obtain optically pure or 
enantiomerically pure vinyl P-lactones. Ring closure of P-hydroxy acids was 
employed to synthesize the vinyl ~-lactones. 
0 ~c. + p 11 1, .. 8.......,.c1 
N/ jl! 
.. ___./O 
68 69 
72 
Scheme XVIII 
1 "i 
73 
75 
Much success has been realized in the synthesis of P-hydroxy acids, which 
are then dehydrated, using benzenenesulfonyl chloride in pyridine at 0 °C, to the 
corresponding vinyl P-lactones. The suggested mechanism is shown in Scheme 
XVIII. 
Table 1. Preparation of P-hydroxy acids by condensation with isobutyric acid 14 
Compound R1 R1 Crude Yield (%) IR (cm- 1) 
763 Ph H 91.0 1700 
77 CH3CH=CH H 75.6 1706 
78 Me Me 87.3 1706 
79 Ph H 83.6 1702 
80 Ph Ph 47.5 1702 
81 70.4 1702 
-- --
82 83 81 
Scheme XIX 
Note: 
a). This P-OH acid resulted from condensation with phenylacetic acid. 
16 
When heated at moderate temperature (above ca. 100 °C), ~-lactones are 
known to undergo a decarboxylation reaction to afford the corresponding 
alkenes20 , in this case, presumably conjugated dienes. The reaction is apparently 
concerted and stereospecific, even though the process is predicted23 b on 
theoretical grounds to be highly asynchronous, involving a Zwitterionic transition 
state 85 leading to the carboxylate carbocation 86 resulting from ~-lactone 
ionization with all ring atoms lying in the same plane as in Scheme XX. 
It was not surprising then that the attempted purification by Kugelrohr 
distillation produced the decarboxylated product, evidenced by no significant 
carbonyl stretching absorption in the FT-IR spectrum and no signal due to 
carbonyl carbon in 13C NMR spectrum. These products were not investigated 
further. 
0 
·~ HJ,,,, ... 
Ri 
84 85 
. . .. 
o==c==o l 
.. .. 
+ 
~1R2 
;-· . H 
Ri 
87 86 
Scheme XX 
17 
Attempted purification by column chromatography using silica gel and 
neutral alumina at room temperature also induced decarboxylation to form the 
corresponding diene. 
challenging problem. 
Clearly, purification of these P-lactones presents a 
If R 1 is aryl, such as in cinnamaldehyde, ionization will result in the 
benzylic cation as well as allylic cation, which is very stable. Thus it has a 
strong tendency to rearrange to afford 8-lactone,s with relief of ring strain and 
gain of conjugation. This is reflected by the inability to easily isolate these P-
lactones at room temperature. The same sequence was tested on other substrates, 
such as 2,4-hexadienal (88), 3-methyl-2-butenal (89), p-phenyl cinnamaldehyde 
(90), 1-acetyl-1-cyclohexene (91). The results are summarized in Table 2. 
The predominant spectral characteristic of vinyl P-lactones is a strong 
carbonyl stretching absorption at 1810-20 cm- 1•24 The 1H NMR spectra show the 
vinyl and allylic proton signal ranging from 5.5-7.0 ppm, which is consistent with 
literature values. 25 The rearrangement product, a p,y-unsaturated 8-lactone, has 
an identical molecular weight and similar 1H NMR spectrum. The only major 
difference is the carbonyl absorption of the p,y-unsaturated 8-lactone which 
appears at 1720-40 cm- 1 and the carbonyl carbon appearing 169-170 ppm in the 
13C spectrum. 26 Enders et al. 27 reported the carbonyl absorption at 1740 cm- 1 
and 174-175 ppm for the carbonyl carbon chemical shift in the 13C spectra for 
saturated o-lactones. In the older 13C literature, 28 it was reported that the 
carbonyl carbon of P- or 8-lactones appears at 171.2 and 175.2 ppm respectively. 
18 
Since there is not much difference in the carbonyl carbon chemical shift in the 
13C spectrum and since it varies with different substituents, it is easier to 
distinguish between vinyl P-Iactones and p,y-unsaturated 8-lactones by using FT-
IR spectroscopy. 
Table 2. Preparation of vinyl p lactones or p,y-unsaturated 8-lactones by 
ring closure with PhS02Cl in pyridine at 0 °C. 
OH 
~~COzH Pyr. 
92 
or 
0 
99 94 
Scheme XXI 
Compound R1 Rz Crude Yielda (%) IR (cm- 1) uc (ppm) 
95 Ph H 43.9 1815, 1736 175.8, 170.9 
96 CH3CH=CH H 20.0 1815, 1742 175.4, 170.6 
97 Ph Ph 42 1816, 1736 175.4, 170.0 
98 Me Me 21 1817, 1736 175.6, 170.7 
99 61.4 1816 175.675 
-- -
19 
Note: a. In the case of mixtures, the yield represents the sum of P-lactone and 8-
lactone. 
At this point, the problem was how to separate a mixture of P- and 8-
lactones produced as in Scheme XXL They had about the same Rf value by TLC, 
and column chromatography (either silica gel or neutral aluminum oxide using 
CH2Cli as an eluent) resulted in unexpected fragmentation and decarboxylation. 
This was evidenced by extra spots by TLC analysis, loss of carbonyl absorption 
in the IR spectra and loss of allylic, vinyl proton signals in the 1H NMR spectra. 
Thermal decarboxylation during attempted purification by Kugelrohr distillation 
was another drawback. Attention was therefore turned to convertion of the p-, 8-
lactone mixture to pure o-lactone completely. 
B. Transformation to p,y-Unsaturated o-Lactones 
Considering that the rearrangement was rather facile even at 0 °C, the 
reaction temperature was increased to room temperature or 50 - 60 °C in an oil 
bath, hoping that the transformation would be completed thermally. The results 
are summarized in Table 3. Unfortunately, the conversion was still incomplete at 
25 °C. Increasing the temperature to 50-60 °C resulted in loss of carbonyl 
absorption in the IR spectrum. Attention was then turned to using a Lewis acid 
catalyst for forcing the reaction to completion. 
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Table 3. Thermal study in preparation of p,y-unsaturated 8-lactones. 
Entry Reagents Reaction Temp. & Time Results 
1 PhS02Cl/pyr. Refrig. 0 °C, 24h Incomplete 
2 PhS02Cl/pyr. Rm. Temp. 48h Incomplete 
3 PhS02Cl/NEt3 Rm. Temp. 48h Incomplete 
4 PhS02Cl/DMAP Oil Bath 50 °C, 48h Decarboxylation 
5 p-BrPhS02Cl/pyr. Oil Bath 50 °C, 48h Incomplete 
6 PhS03H/benz. Oil Bath 60 °C, 30h No Reaction 
7 PhS02Cl/NEt3 Oil Bath 50 °C, 24h Incomplete 
ga pyr. Rm. Temp. 48h No Reaction 
9a pyr. Oil Bath 55 °C, 48h Incomplete 
a. Substrate is p-, 8-lactone mixture. 
Magnesium bromide was tried first since it led to success in the earlier 
work. This catalyst was used under the same conditions (ether, room 
temperature, six hours) in which the ring expansion of P- to y-lactones occurs 
readily. 14 However, these conditions also failed to convert the P-lactone totally 
to the target, although p lactone:8 lactone carbonyl absorption intensity ratio 
became smaller in the IR spectra after the attempted rearrangement. Since 
hydrolysis of the P-lactone will produce an acid with absorption of 1700 cm- 1 as 
observed, it is uncertain if rearrangement has occurred. Since the aqueous work 
up procedure may cause hydrolysis, the resulting mixture was poured through a 
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Florisil column in an attempt to remove magnesium ion (Mg2+). Unfortunately, it 
again underwent decomposition. 
Different solvents were adopted to carry out the reaction, the results were 
not satisfactory as revealed in Table 4. 
Table 4. Catalytic ring expansion of vinyl ~-lactones 
Starting ~ Reagent Dipoleµ of Time (hrs.) Results 
lactones solvent 
95, 96, MgBr2/Et20 1.15 48 Incomplete with 
97,98 hydrolysis 
95, 96, MgBr2/THF 1.63 48 Incomplete with 
97, 98 hydrolysis 
95,96 MgBr2/CH2Clz 1.60 48 Incomplete with 
hydrolysis 
95 ZnCl2a /Et20 1.15 72 Incomplete 
95 TiCl//CH2Clz 1.60 6 Decomposition 
99 BF3 · Et20/Et20 1.15 24 Complete 
99 Et2Al Cle /Et20 1.15 48 Complete 
a. Zinc chloride (1.0M solution in diethyl ether) was used here. 
b. Both TiC14 (anhydrous) and l .OM solution in dichloromethane were used. 
c. Diethylaluminum chloride (l .8M in toluene solution) was used. 
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Since the ionization of the unsaturated P-lactone is the rate-determining 
step, it is obvious that the more polar the solvent is, the more likely it could 
undergo ionization to form the allylic carbocation. Since MgBr2 could not be 
freshly produced in dichloromethane, in this case, it was prepared in ether first, 
and the solvent then removed with vacuum followed by dissolving in dry 
dichloromethane. 
During the rearrangement with magnesium bromide, an unexpected 0-H 
stretching absorption was observed in the FT-IR spectrum. It could be explained 
by hydrolysis of the P-lactone. Another possibility is nucleophilic ring opening 
resulting from attack on the ring carbon atom by bromide, producing a P-
substituted carboxylic acid (Scheme XXIl). 29 Although bromide ion is a soft 
nucleophile (not very reactive), allylic SN2 displacements are known to be facile. 
Relief of ring strain would also enhance the ease of ring opening. According to 
the literature,30 8-Iactones are also susceptible to hydrolysis and result in the 
formulation of hydroxy acids in 1: 1 aqueous tetrahydrofuran at room temperature. 
The percentage of hydroxy-acid at equilibrium ranges from 4.2 - 41.5%. 
-o-l R2>-==--11" 
R Br 1 
Bf 
100 101 102 
Scheme XXII 
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Other Lewis acid catalysts, including titanium tetrachloride (TiC14) are 
very reactive and resulted in extensive decomposition including hydrolysis 
evidenced by TLC analysis and IR spectra. 
Zinc chloride (ZnCh), is a mild Lewis acid compared to MgBr2, but it 
behaved similarly to MgBr2 , and failed to convert the ~-lactone to 8-lactone 
completely. 
Although all the compounds studied thus far gave disappointing results, 
the rearrangement of 4-(l-Cyclohexenyl)-3,3-dimethyl-2-oxetanone (99) worked 
quite well (Scheme XXIll). This was the only vinyl ~-lactone that has been 
isolated successfully and reproducibly. It is a white, crystalline solid with a 
melting point of 66-68 °C after recrystallization from isopropyl alcohol:hexane 
(20:80). The major difference compared to other ~-lactones is that it has an 
endocyclic double bond which upon rearrangement provides the fused ring 8-
lactone 103. 
99 
BF 3 • Et20/Et20 
or Et2AICl/Eii0 
Scheme XXIII 
103 
Boron trifluoride etherate (BF3·Et20) and diethylaluminum chloride were 
found to be useful Lewis acids for the rearrangement of this ~-lactone 99. The 
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comparison of the characterization data for two lactone isomers is presented in 
Table 5. 
Table 5. Summary of Characterization Data for 99 and 103. 
7 
0 
6 
99 103 103 
Entry 99 103 
Rf (CH2Ch) 0.66 0.79 
IR (cm- 1) 2977, 2938, 2861, 1816, 2975, 2937, 2861, 1733, 
1470, 1450, 1391, 1378, 1462, 1449, 1392, 1376, 
1216, 1180, 1033 1264, 1252, 1070, 731 
8 1H NMR (ppm) 5.802-5.793 (vinyl proton), 4.640-4.605 (lH, allylic 
2.065-1.54(m, 8H, proton), 2.668, 2.616 (lH, H-
cyclohexane protons), 1.533 3), 2.210, 2.182 (d, lH, H-2), 
(s, 3H), 1.307, 1.223 (d, 6H, 2.180-1.612 (m, 4H, H-6 
gem dimethyl) through H-9), 1.610, 1.606 
(d, 3H, CH3C=), 1.305, 1.258 
(d, 6H, gem dimethyl), 1.156, 
(H-4), 1.114 (H-5) 
8 13C NMR (ppm) 175.675 (carbonyl C), 175.382 (carbonyl C), 
136.061 (C-5), 121.989 (C- 127.702 (C-10), 126.113 (C-
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6), 86.666 (C-4 ), 55.897 (C- 4), 79.726 (C-9), 40.659 (C-
3), 26.014 (C-10), 24.495 (C- 3), 35.855 (C-5), 28.332, (C-
7), 22.237 (C-9), 22.025 (C- 8), 26.315 (C-7), 25.898, 
8), 21.394 (methyl C), 25.153 (gem dimethyl), 
19.559, 18.572 (gem 24.398 (C-6), 12.193 (CH3) 
dimethyl) 
The structure assignments for compounds 99 and 103 were based mainly 
on IR (for recognition of carbonyl), 1H NMR , COSY, and 13C NMR (including 
DEPT and HETCOR) spectra. 
The numbers of carbons and hydrogens were determined from 13C (12 
carbons other than three peaks of solvent CDCIJ) and DEPT (18 hydrogens): four 
quaternary carbons (including carbonyl); one CH carbon; four CH2 carbons; three 
CH3 carbons. This suggests a formula of C 12H 180 2, which is consistent with the 
expected result and element composition analysis result. The mass spectrum of 
99 revealed the molecular weight to be 194.1 compared to the theoretical of 
194.27, and the first fragmentation peak is at m/z 150, which is probably the 
decarboxylation product. The following peak at m/z 135 evidenced the loss of a 
methyl group. 
For 99, 13C NMR spectrum assignments of Carbons 2 through 6 are 
straightforward. 31 Figure 18 confirms H-6 (8 5.802-5.793, most deshielding since 
it is vinyl proton) with one unit of integration. The HETCOR spectrum (Fig. 22) 
confirms the correlation of C-6 with H-6. 
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Based on the DEPT spectrum (Fig. 21), the peaks at 21.394, 19.559 and 
18.572 ppm were assigned to the three methyl groups. The HETCOR spectrum 
gave the correlation of the methyl protons at 1.533, 1.307, 1.223 ppm with the 
three methyl groups in the 1H NMR spectrum. 
As to 103, its allylic proton signal is located at 4.640-4.605 ppm. Since 
this is a six membered, fused ring compound, it will be less strained than the ~­
lactone. Thus the chemical shift of the carbonyl carbon should be downfield 
compared to that of the ~-lactone. Surprisingly, the chemical shifts of carbonyl 
carbons do not differ much, but other carbons did act in the expected way, e.g. 8 
of C-3 changed from 55.897 to 40.659 ppm and 8 of vinyl methyl changed from 
21.394 to 12.193 ppm in the 13C spectrum (Fig. 33). The DEPT (Fig. 34) 
spectrum indicated clearly that the peaks at 25.898 and 25.153 ppm are due to a 
gem dimethyl group. 
0 0 
or 
R 
104 105 106 
During the study, the substituent effects of the substrates were considered. 
If R3 or R4 = H (104), it is possible that the double bond might migrate to the a, 
~-position and form the a,~-unsaturated 8-lactone. The ~-lactone formed from 
isobutyric acid will result in R3 and R4 both being methyls, which will block this 
kind of double bond migration. On the other hand, if R 1 or R2 = H, and the other 
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substituent is either aromatic or carrying a vinyl group attached to the ring, it is 
also reasonable for the y,C>-unsaturated regio-isomers 105 and 106 to form. In 
both cases, the double bond regio-isomers are more stable because of 
conjugation. Considering the second factor, ~-phenyl-cinnamaldehyde, (90), was 
selected (commercially available) as the substrate to force the double bond to 
locate only at the ~.y-position. Moreover, the aromatic rings, will also cause the 
carbocation to be extremely stable. But introducing another phenyl group as in 
97 will also increase the steric hindrance and make the attack of carboxylate 
anion (Scheme XI) even more difficult. As a result, the rearrangement of this 
substrate still could not be completed as hoped. It can be deduced that both 
electronic and steric factors play roles in the designing of the substrates. 
C. Prospects for Future Research 
Even though many promising results were obtained from this study, this is 
not a general method for preparation of ~.y-unsaturated C>-lactones. Thus, many 
areas for productive future research present themselves. 
1 ). Using cinnamaldehyde and its derivatives as substrates, and using mild 
Lewis acids, such as BF3·Et20 and Et2A1Cl, for the rearrangement of these 
compounds should provide useful results. Bulky Lewis acids also have a major 
impact on the stereoselectivity and should be studied. 
2). Hydrolysis after asymmetric dihydroxylation of ~.y-unsaturated C>-
lactones will afford monosaccharides. A study of the effect of the 
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stereochemistry of substituents will help to produce monosaccharides 
stereoselecti vel y. 
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Conclusion 
A limited method for the synthesis of p,y-unsaturated o-lactones from a.,p-
unsaturated aldehydes or ketones and carboxylic acid in a three step sequence has 
been developed. A variety of carbonyl compounds have been examined as 
precursors for P-lactones and this is an expedient procedure for the synthesis of 
the fused ring p,y-unsaturated o-lactone. The unsaturated P-lactone 99 was 
isolated in pure crystalline form and easily rearranged to the p,y-unsaturated B-
lactone when catalyzed by either BF3·Et20 (57.3%) or Et2A1Cl (55.2%). 
The reaction conditions of the ring closure· and rearrangement have been 
studied by varing the reaction temperature, solvent and catalyst. 
It was determined that the carbonyl stretch of the p,y-unsaturated o-lactone 
system exhibits an infrared absorption at 1730-40 cm- 1, which provides a simple 
way of distinguishing it from the y,o-unsaturated P-lactones, which absorb at 
approximately 1815 cm- 1• 
In summary, this new method, when extended, could prove useful in the 
syntheses of natural products and antibiotics containing the o-lactone system, 
such as in the podolactone and macrolide classes. The p,y-unsaturated o-lactone 
could also undergo hydrolysis after asymmetric dihydroxylation to afford 
stereoselective monosaccharide acids. 
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Experimental Section 
Material And General Methods. Unless otherwise indicated, all reagents 
and solvents were purchased from Sigma or Aldrich Chemical Co. and used 
without further purification. Diethyl ether and tetrahydrofuran were freshly 
distilled from sodium and benzophenone under nitrogen. Pyridine and 
dichloromethane were freshly distilled from calcium hydride. Diisopropylamine, 
isobutyric acid, and all aldehydes and ketones were distilled before use. All 1H 
NMR spectra and 13C NMR spectra were recorded on a GE QE-300 MHz FT-
NMR spectrometer using deuterated chloroform (CDCIJ) as solvent, employing 
tetramethylsilane (TMS) as an internal standard, and are reported in parts per 
million (ppm) (for 1H NMR, s, singlet; d, doublet; t, triplet; q, quartet; m, 
multiplet; and b, broad). Infrared spectra were recorded on a Nicolet 20DXB FT-
IR spectrophotometer or a Perkin-Elmer 1310 IR spectrophotometer. Boiling 
points are uncorrected. Melting points were obtained in capillary tubes with a 
Thomas-Hoover Capillary Melting Point Apparatus and are also uncorrected. 
Thin-layer chromatography (TLC) was performed on Analtech silica gel GF 
chromatography plates using either ethyl acetate or dichloromethane as the 
eluent. Column chromatography was carried out on Aldrich silica gel (70-230 
mesh) or neutral Aluminum Oxide ( ~ 150 mesh, 80-200 mesh). Solvents were 
removed with a rotary evaporator and under high vacuum for more than four 
hours if necessary. All reactions were performed under nitrogen and glassware 
was dried in an oven at 120 °C for at least four hours before use. 
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General Procedure for the Preparation of ~-Hydroxy Acids 14 An 
oven-dried, three-necked flask, equipped with a low temperature thermometer, 
nitrogen inlet, rubber septum, and magnetic stirring bar, was charged with 60mL 
of tetrahydrofuran (THF) followed by 3.32g (4.6mL, 32.8 mmol) of 
diisopropylamine. The solution was stirred and cooled to -78 °C with an ethyl 
acetate-liquid nitrogen bath, and 20.5 mL of l .6M n-butyllithium in hexane 
solution (32.8mmol) was added dropwise over 1 Omin. The resulting clear yellow 
solution of lithium diisopropylamide was stirred at ca. -40 °C for 15min, 
whereupon l .44g ( 1.52 mL, 16.4 mmol) of the acetic acid derivative in THF was 
added dropwise via syringe over I 0 min. The cooling bath was removed and the 
resulting mixture was stirred for an hour, returning to room temperature. A 2.1 g 
(2 mL, 15.9 mmol) portion of cinnamaldehyde was then added via synnge, 
causing an exotherm to ca. 35 °C and a strengthening of the yellow color. 
Stirring at ambient temperature was continued for 16 h, at which point the 
mixture was poured onto ca. 50g of ice. The layers were separated, and the 
aqueous phase was extracted twice with 20 mL of ether. The ether was discarded, 
the aqueous phase was acidified with 6N hydrochloric acid, and the resulting 
mixture was extracted with three 20 mL portions of ether . The consolidated 
extracts were washed with brine and dried with magnesium sulfate, and the 
solvents were removed under reduced pressure to afford the crude product. A 
single recrystallization from ethanol:hexane (20:80) (unless otherwise stated) 
rendered the material sufficiently pure to proceed to the next step. The above 
procedure was employed for the acquisition of the following intermediates. 
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trans-2,5-Biphenyl-3-hydroxy-4-pentenoic acid (76). The crude product was 
isolated as a light yellow oil starting from 82 via condensation with phenylacetic 
acid. After recrystallization from chloroform, a white solid was obtained in 91 % 
yield; mp 111-113 °C; IR (KBr) 3060, 3020, 2965, 1700, 1240, 1045, 750, 700 
cm- 1• 1H NMR ( CDCh) o 7.45-7.2 ( m, lOH, ArH ), 6.542-6.486 (d, lH, 
PhCH=C), 6.027-5.953 (dd, lH, C=CHCOH), 4.904-4.849 (m, lH, PhCH), 3.779-
3.748 (d, lH, CHOH). TLC (EtOAc) Rf 0.728. 
trans-2,2-Dimethyl-3-hydroxy-5-phenyl-4-pentenoic acid (79) A crystalline 
white solid was obtained in 83.6% yield from 82 via condensation with isobutyric 
acid; mp. 104-106 °C; IR (KBr) 3455, 3098, 3010, 2977, 1702, 1470, 1390, 1277, 
1100, 972, 746, 692 cm- 1; 1H NMR (CDCh) o 7.406-7.252 (m, 5H, ArH), 6.678-
6.625 (d, 1 H, Ph CH), 6.267-6.190 (dd, 1 H, CHCOH), 4.410-4.382 (dd, lH, 
CHOH), 1.278-1.250 (d, 6H, 2CH3); 13C NMR (CDCh) o 182.95 (1 C, carbonyl 
C), 136.33 (C-4), 133.50 (C-5), 128.573 (2C, meta), 127.92 (IC, ArC-1), 126.77 
(lC, para), 126.588 (2C, ortho), 77.705 (C-3), 47.00 (C-2), 19.57, 22.93 (2CH3); 
TLC (EtOAc) Rr 0.31. 
trans-2,2-Dimethyl-3-hydroxy-4,6-octadienoic acid (77), a red oil, was 
obtained in 75.6% yield from 88. IR (film) 3024, 2984, 2884, 1706, 1470, 992 
cm- 1; 1H NMR (CDCh) o 6.278-6.194 (dd, lH, H-3), 6.092-6.002 (m, lH, Hl), 
5.774-5.702 (dd, lH, H-2), 5.585-5.509( dd, lH, H-4) 25 , 4.219-4.194 (d, lH, H-
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5), 1.768-1.742 (dd, 3H, CH3), 1.212, 1.173 (dd, 6H, 2CH3). TLC (EtOAc) Rr 
0.72. 
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2,2-Dimethyl-5,5-diphenyl-3-hydroxy-4-pentenoic acid (80), a light yellow 
solid, was obtained in 47.5% yield from 90, mp. 153-154°C; IR (KBr) 3057, 
3030, 2984, 2931, 1702, 1493, 768, 699 cm- 1• 1H NMR (CDCIJ) () 7.386-7.202 
(m, lOH, ArH), 6.110-6.077 (d, lH, CHCOH), 4.225- 4.192 (d, lH, CHOR), 
1.207-1.176 (t, 6H, 2CH3); TLC (EtOAc) Rr 0.63. 
3-Hydroxy-2,2,5-trimethyl-4-hexenoic acid (78), an orange oil, was acquired in 
87.3% yield from 89, IR (film) 3128, 3097, 2980, 1706, 1473, 1270, 990 cm- 1; 1H 
NMR (CDCh) () 5.210-5.170 (d,IH, CHCO), 4.454-4.422 (d, lH, CHOH), 1.739-
1.690 (dd, 6H, CH3(CH3)C= ), 1.190-1.154 (dd, 6H, 2CH3); TLC (EtOAc) Rr 
0.39. 
3-(1-Cyclohexenyl)-3-hydroxy-2,2,3-trimethylpropanoic acid (81), a faint 
yellow oil, was obtained in 70.4 % yield from 91. IR (film) 2984, 2938, 1702 
(broad), 1477, 1151, 925 cm- 1; 1H NMR (CDCh) () 5.827 (s), lH, cyclohexene 
CH), 2.114-2.077 (broad, 4H, cyclohexene CHrC='=C), 1.702 -1.470 (broad, 4H, 
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cyclohexene CH2 ~ to C=C), 1.400 (s, 3H, CH3COH), 1.266-1.207 (m, 6H, 
2CH3); 13C NMR (CDCl 3) 8 182.301 (lC, carbonyl carbon), 139.364 (IC, C-1 in 
cyclohexene), 124.964 (lC, C-2 in cyclohexene), 77.800 ( C-3), 50.067 (C-2), 
26.571, 25.187 (2, 2 - gem dimethyl), 23.144 ( C-6 in cyclohexene), 22.938 (C-3 
in cyclohexene), 22.102 (C-5 in cyclohexene), 21.908 (C-4 in cyclohexene); TLC 
(EtOAc) Rr 0.66. 
General Procedure for the Preparation of ~-Lactones 
An oven-dried 25 mL Erlenmeyer flask was fitted with a rubber septum and 
magnetic stirring bar and was charged with 10 mL of pyridine. A 500 mg portion 
of ~-hydroxy acid was added and the stirred solution was cooled in an ice bath to 
0 °C. Benzenesulfonyl chloride (2 equiv.) was added dropwise via syringe with 
stirring, and the resulting solution was stored at 0 °C for 16 hrs. The resulting 
orange/red solution was poured onto ca. 50g of ice and the mixture was extracted 
with three 20 mL portions of ether. The consolidated extracts were sequentially 
washed with two 20 mL portions of I 0% hydrochloric acid, three 25 mL portions 
of ice-cooled 5% sodium hydroxide solution, water, and finally brine. After 
being dried with magnesium sulfate and filtered, the solvents were removed 
under reduced pressure to afford the crude product. Since the intermediates are 
sensitive to silica gel and aluminum oxide, which will result in fragmentation, 
flash column chromatography was not applicable in this case. Kugelrohr 
distillation was adopted to purify several products, but they were not accessible 
due to thermal instability; usually ~-lactones tend to undergo thermal 
decarboxylation above 100 °C 23 , which will result in the conjugated diene in this 
case. 
3,3-Dimethyl-4-styrenyloxetan-2-one (95), a light orange oil, was obtained in 
43.9% yield from 79. IR (film) 3032, 2925, 1824, 1450, 955, 748, 692 cm- 1. 1H 
NMR (CDCh) () 7.343-7.114 (m, 5H, ArH), 6.968-6.880 (dd, lH, H B to benzene 
ring), 6.382-6.330 (d, lH, H a to benzene), 5.958-5.914 (m, lH, CHCO), 1.795, 
1.779 (d, 6H, 2 CH3); 13C NMR 175.811 (lC, carbonyl C), 138.031 (Ca to 
benzene), 136.414 (C B to benzene), 129.483 (C-1 in benzene), 128.461 (2C, 
meta carbon), 126.818 (1 C, para C), 126.000 (2C, ortho carbon)32· 33 , 77 .233 
(CHO), 47.998 (quaternary C), 18.494, 26.178 ppm (2 CH3); TLC (CH2Cl2) Rr 
0.723. 
4-(l-Cyclohexenyl)-3,3-dimethyloxetan-2-one (99), a white, highly crystalline 
solid, was obtained in 61.4% yield from 81; an analytical sample was obtained 
via recrystallization from isopropyl alcohol and hexane, mp. 66-68°C. IR (KBr) 
3021.5, 2938, 1816, 1216, 1181, 756 cm- 1; 1H NMR (CDCh) () 5.802-5.793 
(broad, lH, vinyl proton), 2.065-1.54 (m, 8H, cyclohexene protons), 1.533 (s, 3H, 
CH3CO), 1.307, 1.223 (d, 6H, 2 gem methyl); MS (m/z+) 194.l(M), 
150.l(decarboxylation product), 135.l(-CH3), 125.1, 107.1, 91.1, 79.1, 
70.0(intense), 62.0, 55.0; 13C NMR (CDCh) () 175.675 (1 C, carbonyl C), 136.061 
(C-1 in cyclohexene), 121.989 (C-2 in cyclohexene), 86.666 ( C-4 in 
butyrolactone), 55.897 (C-3), 26.014, 24.495 (2 allylic C in cyclohexene), 
22.237, 22.025 ( C-4 and C-5 in cyclohexene), 21.394 (methyl carbon), 19.559, 
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18.572 (gem dimethyl carbon); TLC (CH2Ch) Rr 0.66; MS Requires 194.27, 
found 194.1. 
3,3-Dimethyl-4-(1,3-pentadienyl)-oxetan-2-one (96), an orange oil, was 
obtained in 20% yield from 77. IR (film) 2984, 2938, 1815, 1470, 1151, 1031 
cm-1• 1H NMR (CDCIJ) 8 6.40-6.25 (m, lH, H3), 6.15-6.20 (m, lH, Hl), 5.87-
5.75 (m, lH, H2), 5.60-5.40 (m, 2H, H4, H5), 1.810, 1.788 (d, 3H, allylic CH3), 
1.299-1.162 (m, 6H, gem dimethyl), 13C (CDCh) 8 175.416, (carbonyl carbon), 
136.243, 132.014, 130.270, 122.862 (4 vinyl carbons), 77.278 (C-4), 47.907 (C-
3), 34.094 (head CH3), 18.800, 18.157 (gem dimethyl carbon); TLC (CH2Ch) Rr 
0.67. 
3,3-Dimethyl-4-(2-phenylstyrenyl)-oxetan-2-one (97), a yellow oil, was 
obtained in 42% yield from 80. IR (film) 3057, 3030, 2910, 1816, 1445, 1032, 
766, 701 cm- 1• 1H NMR (CDC1 3) 8 7.390-7.218 (m, lOH, ArH), 6.902, 6.864 (d, 
lH, yH), 6.628-5.905 (m, lH, pH), 1.900, 1.770 (dd, 6H, gem dimethyl); TLC 
(CH2Cl2) Rr 0.88. 
3,3-Dimethyl-4-(2-methylpropenyl)-oxetan-2-one (98), an orange oil, was 
obtained in 21% yield from 78. IR (film) 2979, 2939, 1817, 1471, 1388, 1189, 
1151, 1009, 977, 949cm- 1• 1H NMR (CDCh) 8 5.704 - 5.617 (dd, lH, vinyl 
proton), 5.039-4.949 (broad, lH, allylic proton), 1.802-1.713 (t, 6H, gem 
dimethyl in butyrolactone), 1.342-1.051 (m, 6H, gem dimethyl); TLC (CH2Ch) Rr 
0.87. 
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General Procedure for the Preparation of o-Lactones An oven-dried 50 ml 
three-necked flask equipped with a condenser, a nitrogen inlet and a stirring bar 
was cooled under a stream of nitrogen. Upon cooling, the flask was charged with 
10 mL of freshly distilled anhydrous ether and the P-Iactone in ether solution. 
The resulting mixture was then cooled to 0 °C, whereupon BF3·Et20 (4 equiv.) 
was added dropwise (vigorous reaction) and the resulting solution was allowed to 
stir and warm to room temperature under nitrogen for 48 hrs. The reaction was 
terminated by re-cooling the reaction mixture to 0 °C and slowly adding lOmL of 
saturated aqueous sodium chloride. The layers were separated and the aqueous 
layer was extracted twice with I 0 mL of ether and the combined organic layers 
were dried over magnesium sulfate, filtered, and the solvent was removed under 
reduced pressure to afford the product. 
3,5,6,7,8,9-Hexahydro-3,3,4-trimethyl-2H-l-benzopyran-2-one (103) 
A colorless oil, was obtained in 57.3% yield from 99. IR (film) 2937, 2861, 1733, 
1462, 1392, 1376, 1180, 731 cm· 1; 1H NMR (CDC13) o 4.640-4.605 (b, lH, 
CHO), 2.668-1.611 (m, 6H, cyclohexane protons), 1.610-1.609 (d, 3H, CH3), 
1.305, 1.258 (d, 6H, gem dimethyl), 1.156, 1.114 (d, 2H, cyclohexane protons); 
13C NMR o 175.382 (lC, carbonyl carbon), 127.702 (ring fusion vinyl carbon, C-
10), 126.113 (C-4), 79.726 (ring fusion tertiary carbon, C-9), 40.659 (C-3, 
quaternary carbon), 35.855 (C-5), 28.332 (C-8), 26.315 (C-7), 25.898, 25.153 
(gem dimethyl), 24.398 (C-6), 12.193 (CH3); TLC (CH2Cl2) Rr 0.79. 
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